The recognition of a charged biomolecular surface by an oppositely charged ligand is governed by electrostatic attraction and surface hydration. In the present study, the interplay between electrostatic attraction and hydration at the interface of a negatively charged reverse micelle (RM) at different temperatures has been addressed. Temperature-dependent solvation dynamics of a probe H33258 (H258) at the reverse micellar interface explores the nature of hydration at the interface. Up to 45°C, the environmental dynamics reported by the interfacebinding probe H258 becomes progressively faster with increasing temperature and follows the Arrhenius model. Above 45°C, the observed dynamics slows down with increasing temperature, thus deviating from the Arrhenius model. The slower dynamics at higher temperatures is interpreted to be due to increasing contributions from the motions of the surfactant head groups, indicating the proximity of the probe to the interface at higher temperatures. This suggests an increased electrostatic attraction between the ligand and interface at higher temperatures and is attributed to the change in hydration. Densimetric and acoustic studies, indeed, show a drastic increase in the apparent specific adiabatic compressibility of the water molecules present in RMs after 45°C, revealing the existence of a softer hydration shell at higher temperatures. Our study indicates that the hydration layer at a charged interface acts both as physical and energetic barrier to electrostatic interactions of small ligands at the interface.
Introduction
The interface between biological molecules (biointerface) and its immediate environment has attracted researchers over a decade. [1] [2] [3] [4] [5] [6] [7] [8] [9] Many biologically important processes take place at biointerfaces. These include transport, oxidation, and reduction of molecules at cell membranes and the recognition of proteins and DNA by drugs. Since biomolecules are functionally active in their hydrated state, 10 the hydration at the biological interface has received due attention. 1,2,5-9 Theoretical 6,7 and experimental 1, 2, 8, 9 studies on hydration at biointerfaces have revealed that the interfacial water molecules possess unique structure and dynamics. The interfacial waters are hydrogen bonded to the biomolecular interface and show slower dynamics than that of free water. 7, 8, 11, 12 There exists a dynamic equilibrium between bound and free waters at an interface. 6, 8 This dynamic equilibrium is extremely sensitive to the external environment such as temperature, pressure, and the slow component of solvation can be expressed as a function of temperature (Arrhenius equation) as k bf and ∆G bf°a re the rate constant and binding energy for bound to free water interconversion, respectively. This equilibrium is responsible for the slow dynamics associated with the biomolecular interfaces, which play an important role in molecular recognition of the biomolecule by ligands. 13, 14 It is relevant to mention in this regard that many naturally occurring biointerfaces contain charged molecules with compensating counterions dissolved in adjacent aqueous phase. Classical examples are the cell membrane and the DNA. It is to be noted that although dynamics of hydration plays an important role in molecular recognition at biological interfaces, 8 favorable charge interactions also dictate molecular recognition at a charged biointerface. The interaction of DNA with the protein histone, 15 the interaction of anticancer and anti-helmenthic minor groove binding drugs daunomycin and Hoechst 33258 (H258) 13 with DNA are important examples. Thus, there is interplay between electrostatic interactions and hydration at a biointerface. The charge at the biointerface leaves an impression on the hydration structure 5 and dynamics. 16 In turn, the hydration at the biomolecular interface dilutes the electrostatic interaction between the charged interface and the oppositely charged ligand, preventing the approach of the latter toward the interface. The ligand thus resides in the hydration layer of the interface and reports environmental dynamics associated with the equilibrium between water molecules in different energy states. Although the effects of interfacial charge to surface hydration have been studied, 5, 16 the interplay of charge and hydration in molecular recognition remains unexplored. Exploration of the interplay between electrostatic attraction and hydration in ligand binding at a biointerface is the motive of the present work.
To avoid unnecessary complications, biointerfaces such as DNA and proteins, whose secondary structures change with temperature, are avoided. This leaves us with the choice of biomimetics such as SDS micelles 17 and AOT/isooctane/water reverse micelles, 18 which retain their structural integrity over a wide range of temperatures 17 to serve as model biointerfaces. Instances of replacing a complicated biomolecule by more
simple biomimetics for studying various fundamental properties are abundant in literature. 16 The barrier-crossing model for water dynamics at the interface of SDS micelles has been revalidated in a recent publication from our group. 17 In the present study, we explore the environmental dynamics reported by positively charged H258, which acts both as the model ligand and fluorescence reporter in negatively charged AOT reverse micellar interface at different temperatures to characterize the dominant forces in molecular recognition. The residence of H258 at the interface of AOT reverse micelles has been shown in a previous study. 19 Picosecond resolved fluorescence and polarization gated anisotropy have been used to characterize the binding of H258 to the interface at different temperatures. The dynamics at the interface have been constructed from timeresolved emission spectrum (TRES) at different temperatures. Our studies explore the role of surface hydration in ligand interaction at a model charged interface.
Materials and Methods
Bis(2-ethylhexyl) sulfosuccinate (AOT) is from Sigma. The fluorescent probe, Hoechst 33258, is from Molecular Probes, and isooctane is from Spectrachem. Temperature-dependent steady-state absorption and emission are measured with Shimadzu UV-2450 spectrophotometer and Jobin Yvon Fluoromax-3 fluorimeter with a temperature controller attachment (Julabo F32). Fluorescence transients have been measured and fitted by using commercially available spectrophotometer (LifeSpec-ps) from Edinburgh Instrument, U.K. (excitation wavelength, 375 nm; ∼75 ps instrument response function (IRF)) with an attachment for temperature-dependent studies (Julabo, F32). The observed fluorescence transients are fitted by using a nonlinear least-squares fitting procedure to a function (X(t) ) ∫ 0 t E(t′) R(t -t′) dt′) comprised of convolution of the IRF (E(t)) with a sum of exponentials (R(t) ) A + ∑ i)1 N B i e -t/τ i) with preexponential factors (B i ), characteristic lifetimes (τ i ), and a background (A). Relative concentration in a multiexponential decay is finally expressed as follows: a n ) B n /∑ i)1 N B i . The quality of the curve fitting is evaluated by reduced 2 and residual data. To construct TRES, we follow the technique described in refs 20 and 21. The solvation correlation function, C(t), is constructed following the equation where ν(0), ν(t), and ν(∞) stand for the wavenumber in cm -1 at the emission maxima at time zero, t, and infinity, respectively. For anisotropy (r(t)) measurements, emission polarization is adjusted to be parallel or perpendicular to that of the excitation and anisotropy is defined as, r(t) ) [I para -GI perp ]/[I para + 2GI perp ]. G, the grating factor, is determined following the longtime tail matching technique. 22 Dynamic light scattering (DLS) measurements are done with Nano S Malvern-instruments employing a 4 mW He-Ne laser (λ ) 632.8 nm) and equipped with a thermostated sample chamber. The principles of the DLS measurement and data processing are detailed elsewhere. 17 Volume and compressibility of water in reverse micelles have been calculated using the density and sound velocity values measured by a density meter; DSA5000 from Anton Parr (Austria) with an accuracy of 5 × 10 -6 g cm -3 and 0.5 ms -1 in density and sound velocity measurements, respectively. Adiabatic compressibility ( s ) of the reverse micellar solution (w 0 ) 5) is determined by measuring the solution density (F s ) and the sound velocity (u s ) and applying the Laplace's equation,
The apparent specific volume of solubilized water v is given by where c w is the concentration of the water molecules in the micellar solution and F solv and F s are the densities of the solvent and the solution, respectively. The partial apparent adiabatic compressibility ( k ) of the solubilized is obtained from the following relation,
[u] is the relative specific sound velocity increment given by u solv and u w are the sound velocities in solvent and solubilized water, respectively. Figure 1 shows the hydrodynamic diameter of the AOT/ isooctane reverse micelles (RMs) having w 0 ) 5 at 20°C obtained from DLS experiments. The hydrodynamic diameter remains constant over a wide range of temperature (inset of Figure 1 ). This suggests that the structural integrity of the RMs is retained even at higher temperatures used in our study. H258 is a positively charged dye at neutral pH. The dye binds to the negatively charged surface of SDS micelles and AOT reverse micelles. 19 Figure 2a shows the absorption spectrum of the dye in reverse micelles with w 0 ) 5 at different temperatures. It is seen from Figure 2a that the peak corresponding to maximum absorption shows progressive blue shift with increasing temperature. The result is indicative of the fact that H258 moves toward the interface with increasing temperature. The location of the absorption dipole moment of the probe molecule makes Figure 1 . DLS profile of reverse micelles (w0 ) 5) at 20°C and at different temperatures (inset). The black line in the inset is a guide to the eye.
Results and Discussion
it insensitive to the increased electrostatic interactions. The emission maximum remains constant in the temperature range of 25-45°C but becomes blue-shifted at higher temperatures ( Figure 2b ). This indicates that the excited state of the dye is destabilized at higher temperatures due to the decreased environmental polarity.
To rationalize the results of the steady-state spectral measurements, it is essential to show that the dye remains in the reverse micelle at higher temperatures. H258 in bulk buffer shows a rotational lifetime, τ rot , of 500 ps, indicative of the free rotational motion. 19 At the interface of the reverse micelle, the twisting dynamics of H258 is frozen and the τ rot obtained reflects the overall rotational dynamics of the reverse micelles. 19 At 15°C (Figure 3a ) the global tumbling time associated with the reverse micelle is 5.10 ns. With increasing temperature, the rotational dynamics becomes faster. Figure 3b and Table 1 show the observed rotational lifetimes reported by the probe at higher temperatures. The rotational lifetimes of AOT reverse micelles are independently calculated (Table 1 ) using the StokesEinstein-Debye equation, where η, V, k, and T represent the viscosity coefficient, the effective volume of the rotating species (here the reverse micelles), the Boltzmann constant, and the absolute temperature, respectively. The hydrodynamic radius (r H ) of the reverse micelles (used for the theoretical calculations) has been obtained from the relation r H ) 0.2w 0 + (length of the surfactant chain). 23 The calculated hydrodynamic radius, considering the length of the surfactant chain to be 1.1 nm, 23 comes out as 2.1 nm. The hydrodynamic radius of the RM obtained from DLS experiments (2.0 nm) is in close agreement with that of the estimated value. The viscosity coefficients of isooctane at different temperatures have been obtained from experimentally reported η values at different temperatures. 24 The good agreement of the experimental and theoretical values (Table 1, Figure 3b ) of rotational relaxation time constants suggests that H258 remains as an integral part of the RM at higher temperature and successfully reports its dynamics.
To explore the environmental dynamics of H258 at different temperatures, the temporal decay of C(t) is constructed. Figure  4a shows the C(t) decay at 15°C. The average solvation correlation time, τ solv (defined by τ solv ) a 1 τ 1 + a 2 τ 2 , where a 1 and a 2 represent the relative concentrations corresponding to solvation times τ 1 and τ 2 ), associated with the decay is 1.69 ns, consistent with the slower dynamics of water at the reverse micellar interface. 25 With an increase in temperature, up to 45°C, τ solv becomes faster and reaches a plateau in the range of 45-55°C. After 55°C, τ solv becomes progressively slower Figure 4b . It is evident from the figure that up to 45°C the data agree well with the activation energy barrier model (governed by the Arrhenius equation) for the dynamical equilibrium 6,26 between bound and free-type water molecules. The corresponding energy barrier of 1.9 kcalmol -1 is close to the value of 1.18 kcalmol -1 for dynamical transition between head group bound water and interfacially bound water, obtained from simulation studies. 26 The result indicates that H258 is located in the hydration shell at the interface of the reverse micelle and the excited-state relaxation of H258 essentially involves the transition between interfacially bound waters. To rationalize the deviation from the barrier crossing dynamics, it is essential to visualize the hydration shell at high temperatures. At higher temperatures, an increased fraction of the bound water molecules at the interface crossover an activation energy barrier to a less bound state. Densimetric and acoustic studies on the reverse micelles at different temperatures show that the apparent specific k of solubilized water molecules in the reverse micelles increase drastically after 40°C (Table  2 , inset of Figure 4a) . To estimate k , we have used the effective medium theory 23 where solubilized water (corresponding to w 0 ) 5) has been considered as a solute in AOT/isooctane environment. The increased compressibility of hydration water at higher temperatures is also observed at the interface of anionic sodium dodecyl sulfate (SDS) micelles. 17 The observations suggest that both the rigidity and the number of bound waters in the interfacial hydration shell are lost at higher temperatures. The hydration shell, thus, becomes soft at higher temperatures.
At this point, the role of the hydration shell surrounding a charged ion needs to be discussed. The simplest example in this regard is the solvation of an isolated ion. Using femtosecond mid-infrared spectroscopy, Bakker et al. 27 studied the reorientation time of water in aqueous solutions with different concentrations of dissolved salt. They have found out that the viscosity of an aqueous solution of MgClO 4 shows a 30% increase compared to that in bulk water. The observed change in viscosity of the solution agrees well with the model that individual ions along with their first solvation shells are like rigid spheres rotating in bulk water. The reorientation time of water in the solvation shells is 7.6 ps, which is slower than that of the bulk water (reorientation time ) 2.5 ps). This observation very subtly gives the information that the influence of the charge of the central ion is discernible until its first solvation shell. In other words, the water in the first solvation shell screens the charge of the central ion. With this information, we can rationalize the behavior of the hydration shell at different temperatures. At lower temperatures, the intact hydration shell surrounding the charged surface screens the charge at the interface and effectively dilutes the electrostatic interaction between H258 and the oppositely charged interface. However, at higher temperatures, the soft hydration shell improperly screens the charge of the interface. The increased electrostatic attraction between the charged interface and the probe causes the probe to diffuse toward the interface. The diffusion of H258 to more hydrophobic regions of the interface is borne out by the spectral shifts associated with the steady-state spectra. The motions of the surfactant head groups contribute toward the solvation stabilization of the probe at higher temperatures, when the probe is located closer to the interface. Thus, at higher temperatures, the motions of the charged head groups at the reverse micellar interface essentially overwhelm the dynamics reported by H258. The observed dynamics, therefore, deviates from the Arrhenius model, which depicts the transformation of head group bound water to interfacially bound water.
Conclusion
In the present study the interplay between electrostatic attraction and dynamics of hydration in molecular recognition of negatively charged reverse micellar interface by positively charged H258 has been addressed. Up to 45°C, the environmental dynamics reported by the interface-binding probe Hoescht 33258 (H258) become progressively faster with increasing temperature and follow the Arrhenius equation. Above 45°C, the observed dynamics slow down with increasing temperature, thus deviating from the Arrhenius equation. The slower dynamics at higher temperatures are due to increasing contributions from the motions of the surfactant head groups, indicating that the probe is closer to the interface at higher temperatures. This suggests an increasing electrostatic attraction between the ligand and interface at higher temperatures and is attributed to the change in hydration. Densimetric and acoustic studies, indeed, show a drastic increase in the apparent specific adiabatic compressibility of the water molecules present in RMs after 45°C, suggesting the existence of a softer hydration shell at higher temperatures. Thus, deviation from the Arrhenius equation has been monitored to understand the role of the hydration barrier to electrostatic attraction at the interface. Our studies indicate that the hydration layer at a charged interface acts both as a physical and energetic barrier to electrostatic interactions of small ligands at the interface. Control of electrostatic interaction and hence molecular recognition at the interface of real biomolecules can also be developed by the design of other appropriate methods to alter the compressibility of the hydration shell.
